FTH_0069 is a previously uncharacterized strongly immunoreactive protein that has been proposed to be a novel virulence factor in Francisella tularensis. Here, the glycan structure modifying two C-terminal peptides of FTH_0069 was identified utilizing high resolution, high mass accuracy mass spectrometry, combined with in-source CID tandem MS experiments. The glycan observed at m/z 1156 was determined to be a hexasaccharide, consisting of two hexoses, three N-acetylhexosamines, and an unknown monosaccharide containing a phosphate group. The monosaccharide sequence of the glycan is tentatively proposed as X-P-HexNAc-HexNAc-Hex-Hex-HexNAc, where X denotes the unknown monosaccharide. The glycan is identical to that of DsbA glycoprotein, as well as to one of the multiple glycan structures modifying the type IV pilin PilA, suggesting a common biosynthetic pathway for the protein modification. Here, we demonstrate that the glycosylation of FTH_0069, DsbA, and PilA was affected in an isogenic mutant with a disrupted wbtDEF gene cluster encoding O-antigen synthesis and in a mutant with a deleted pglA gene encoding pilin oligosaccharyltransferase PglA. Based on our findings, we propose that PglA is involved in both pilin and general F. tularensis protein glycosylation, and we further suggest an inter-relationship between the O-antigen and the glycan synthesis in the early steps in their biosynthetic pathways. Molecular & Cellular Proteomics 11: 10.1074/mcp.M111.015016, 1-12, 2012.
The investigation of protein glycosylation in bacteria has attracted a lot of attention during the last decade, because of an increased knowledge of the involvement of such a cotranslational modification in the virulence of particular bacteria (1) (2) (3) . In several pathogens, the loss of glycosylation was found to result in accumulation of unglycosylated flagellins in the cell, providing evidence that glycosylation is essential for the correct assembly of flagella and subsequent motility (4 -6) . On the other hand, it has been concluded that glycosylation does not play a major role in pilus-mediated adhesion in Neisseria meningitidis (7) . Moreover, a general O-glycosylation system is present in the major intestinal symbiont Bacteroides fragilis, indicating that glycosylation is not always associated with virulence properties (8) .
Francisella tularensis represents one of the six etiological agents under consideration as a potential biological threat because of its low infectious dose and the ease of its transmission (9) . Two F. tularensis subspecies, holarctica and tularensis, are primarily infectious for humans (10) . In the past few years, questions arose regarding the potential role of glycosylation in the virulence of F. tularensis. A previous report indicated that one potential pilin subunit encoded by pilA, which is required for virulence of both subspecies, is post-translationally modified (11) . Since then, the glycosylation of PilA has been reported in other studies (12) (13) (14) , and recently the O-linked carbohydrates associated with PilA have been characterized (14) .
In our previous study, using both detection and enrichment methods in combination with liquid chromatography-mass spectrometry, we mapped the glycoproteome in the FSC200 strain of F. tularensis subsp. holarctica. In addition to PilA, we suggested that several additional candidate proteins could be targets for glycosylation including DsbA (FTH_1071), an uncharacterized protein FTH_0069, FopA, Tul4, and LemA (13) . However, we were unable to elucidate the repertoire of glycans and their structures because of the failure of both enzymatic and chemical release techniques. Because their role in virulence may be associated with their carbohydrates, DsbA and FTH_0069 are of particular interest for an in-depth analysis of their glycosylation. The protein DsbA has recently been identified to be essential for intracellular survival and replication of F. tularensis in the mouse mono-cyte macrophage cell line J774.2 and for in vivo virulence in the mouse infection model of tularemia (15) . FTL_1096, the DsbA homologue in the live vaccine strain (LVS), was recently found to be recruited into the membrane rafts of J774.2 macrophages upon F. tularensis invasion. 1 The Olinked glycosylation of DsbA was recently elucidated in F. tularensis subsp. tularensis, holarctica LVS, and F. novicida (16) . Here, we additionally confirmed that the DsbA homologue in the FSC200 strain is also glycosylated. Similarly, FTH_0069, an orthologue of FTT1676, which was recently identified as a novel virulence factor of F. tularensis subsp. tularensis SchuS4, is important for both intracellular survival and proliferation in mice (17) . Previously, we demonstrated that FTT1676 induced a long term antibody response in a technician accidentally infected with SchuS4 (18) . The glycosylation status of FTH_0069 has not been previously described, and here we provide the first evidence that FTH_0069 is glycosylated in the subspecies holarctica strain FSC200. Additionally, using bioinformatics, we identified proteins that are likely to be involved in a glycosylation pathway of F. tularensis subsp. holarctica FSC200. Three of these predicted proteins, FTT0791, FTT0798, and PglA (FTT0905), are known to be involved in DsbA and PilA glycosylation in the strains SchuS4 and FSC200, respectively (14, 16) .
EXPERIMENTAL PROCEDURES
Bacterial Strains and Growth Conditions-The F. tularensis strains and plasmids employed in this study are listed in Table I . The bacteria for all the strains were grown, harvested, and lysed within a BioSafety Level 2 containment facility. F. tularensis was cultured on McLeod agar supplemented with bovine hemoglobin (Becton Dickinson) and IsoVitaleX TM (Becton Dickinson) at 36.8°C for 24 -48 h. The cultivation of F. tularensis in Chamberlain medium was performed as previously described (13) .
Escherichia coli S17-1 was grown on LB agar base or LB broth at 37°C. When appropriate, antibiotics (all purchased from Sigma-Aldrich) were used at the following concentrations: for the cultivation of the transformed E. coli S17-1, 25 g/ml of chloramphenicol was added to growth medium; the selection of transconjugants was performed on plates with 75 g/ml polymyxin B and 2.5 g/ml chloramphenicol; plates containing 5% sucrose were utilized for the sucrose selection of the mutated F. tularensis strains, and the clones of the mutated F. tularensis were cultured on agar supplemented with 2.5 g/ml of chloramphenicol.
Construction of FSC200/⌬wbtDEF::Cm (O-antigen Mutant Strain)-A region of the F. tularensis subsp. holarctica FSC200 O-antigen cluster (wbtDEF) was targeted for deletion and insertion of antibiotic marker to disrupt the entire function of the cluster. For the inactivation of the O-antigen cluster, a suicide vector pSMP22-RT1 was generously provided by R. Thomas. pSMP22-RT1 was originally used for the deletion of the O-antigen encoding genes in F. tularensis subsp. tularensis (19) . The cloned 2.5-kb deletion construct shows a 100% sequence homology with the sequence from FSC200. pSMP22-RT1 was transformed into E. coli S17-1 (20) and subsequently introduced into the FSC200 strain by conjugation using essentially the same method as published by Golovliov et al. (21) . The F. tularensis subsp. holarctica strain FSC200 double recombinant strain was designated as FSC200/⌬wbtDEF::Cm.
Verification of FSC200/⌬wbtDEF::Cm Mutant Strain-The integration of the suicide plasmid and the subsequent generation of the ⌬wbtDEF::Cm mutant in FSC200 was verified by PCR. The primers wbtD_1F and wbtF_1R (the primers were designed for the detection of the deletion construct cloned into pSMP22-RT1) resulted in an amplicon with a length of 1780 bp (the length of wild type amplicon is ϳ2300 bp). ⌬wbtDEF::Cm-positive clones were obtained after sucrose selection and identified using the primers wbtD_1F and wzy_1R (the primer was designed on a chromosomal sequence downstream from the wbtDEF cluster), providing a PCR product having 2470 bp (the length of an amplicon from the wild type is ϳ3 kb long), and finally with a combination of the primers wbtD_1F and wbtE_1R (designed on a deleted region of wbtDEF) that does not give rise to any PCR product in FSC200/⌬wbtDEF::Cm mutant. The primer sequences are available on request.
Animal Infection Studies-Groups of five 6 -8-week-old female BALB/c mice were infected subcutaneously with the FSC200/ ⌬wbtDEF::Cm mutant (using doses of 3 ϫ 10 2 and 3 ϫ 10 6 cfu/ mouse) and the wild type FSC200 strain (dose 3 ϫ 10 2 cfu/mouse). The control groups of mice were inoculated with a sterile saline only. The mice were housed under conventional conditions; food and water were given ad libitum, and the mice were allowed to acclimatize for at least 7 days before the beginning of the experiment. The infected mice were observed two or three times per day to properly monitor the progress of the infection.
Preparation of F. tularensis Membrane Protein-enriched FractionCell lysis was performed using a French pressure cell as previously described (13) . Fractions enriched in membrane proteins were collected by ultracentrifugation of the whole cell lysate at 115,000 ϫ g for 1 h at 4°C. The supernatant was discarded, and the membrane pellet was resuspended in ice-cold PBS and then collected by centrifuga- Lipopolysaccharide Purification-LPS 2 was purified from F. tularensis subsp. holarctica FSC200, FSC200/⌬wbtDEF::Cm, and FSC200/ ⌬pglA mutant strains using the hot phenol-water extraction method of Westphal and Jann (22) with slight modifications. Briefly, a 1-mg amount of the crude membrane fraction was incubated with 1.4 ml of a 50%/50% phenol/water solution at 65°C for 30 min. The samples were cooled on ice and centrifuged at 4°C to separate organic and aqueous layer. The phenol layer was back-extracted three times with hot water. The three aqueous layers containing the LPS were centrifuged at high speed to remove any residual phenol.
Mini One-dimensional Gel Electrophoresis, Semi-dry Western Blot, and Immunodetection-SDS-PAGE was performed on a 30-g sample of the membrane-proteins enriched fraction and a 10-l aliquot of LPS from the first aqueous layer according to the protocol employed by Laemmli (23) . After electrophoresis, the separated proteins and LPS were transferred onto PVDF membranes using a semi-dry Western blotting technique. The primary antibodies used for the immunodetection of DsbA and PilA were a rabbit anti-FTT1103 polyclonal antibody (Apronex, Vestec, Czech Republic) and rabbit anti-PilA serum (kindly provided by Kerstin Kuoppa at FOI, Swedish Defense Research Agency, Umea, Sweden), respectively. The detection of LPS was accomplished using a mouse monoclonal anti-F. tularensis LPS FB11 antibody (Abcam, Cambridge, UK). The secondary antibodies used were swine anti-rabbit IgG/HRP (Dako, Glostrup, Denmark) for both anti-FTT1103 and anti-PilA antibodies, whereas goat anti-mouse IgG/HRP (Dako) was used for anti-LPS. A chemiluminescence detection was performed using a BM chemiluminescence blotting substrate POD according to the manufacturer's instructions (Roche Applied Science).
Two-dimensional Gel Electrophoresis and Glycoprotein Detection-The membrane proteins were repeatedly precipitated with cold acetone prior to two-dimensional electrophoresis. The protein precipitate was resolubilized in a rehydration buffer containing 7 M urea, 2 M thiourea, 1% (w/v) ASB-14, 1% Triton X-100, 0.12% De Streak, 40 mM Tris base, 0.5% bromphenol blue, 1% ampholytes, pH 3-10, and 0.5% Pharmalyte TM , pH 8 -10.5. The isoelectric focusing, reduction, alkylation, and SDS-PAGE performed herein were described previously (13) . Pro-Q Emerald staining was performed according to the manufacturer's protocol (Invitrogen), with slight modifications as described previously (13) . The stained gels were visualized by illumination at 342 nm using a UV radiometer. After detection and excizing the glycoproteins, the gels were stained with a colloidal blue stain to detect all proteins as a control.
In-gel Digestion of Proteins-The protein spots detected on the two-dimensional gels were excised and subjected to an in-gel tryptic digestion according to the procedure described recently (13) . The digestion was stopped by acidifying the samples with TFA, bringing the pH to 2-3.
MALDI-MS/MS Analysis and Protein
Identification-Mass spectra acquired from the in-gel digestion of the proteins following Pro-Q Emerald staining were recorded in the positive reflectron mode on a 4800 MALDI-TOF/TOF mass spectrometer (AB Sciex, Foster City, CA) equipped with an Nd:YAG laser (355 nm) and operated in its delayed extraction mode. Internal calibration of mass spectra was conducted utilizing the tryptic autolytic peptides. Data acquisition and evaluation were performed as recently described (13) . Acquired data were evaluated using GPS Explorer TM software v.3.6 (AB Sciex), which integrates the Mascot search algorithm against F. tularensis OSU18 genome database (NC_008369.1, 1,555 sequence entries). Trypsin was selected as the proteolytic enzyme, and one missed cleavage was allowed. Carbamidomethylation of cysteine residues was set as a fixed modification, and oxidation of methionine was set as a variable modification. The mass tolerance values of the precursor and fragment ions were 100 ppm and 0.25 Da, respectively. The proteins were considered identified with confidence when the GPS protein score confidence interval (%) was equal to 100% and a minimum of two peptide sequences per protein were identified. PilA (FTH_0384) possesses the only tryptic peptide AQLGSDLSALGGAK with a theoretical mass of 1286.6830, which is measurable within the m/z range 800 -4,000. Thus, the mass of 1287.6903 m/z [MϩH] ϩ was added to the inclusion list of masses selected for fragmentation.
LC-ESI-MS/MS Analysis of Protein
Glycosylation-A 1.0-l aliquot of the in-gel digests obtained from the proteins DsbA and FTH_0069 was analyzed by C 18 reversed phase liquid chromatography using either a Nanoflow 1100 HPLC (Agilent Technologies) coupled on-line to an LTQ-FT-ICR mass spectrometer (Thermo Finnigan) or an Ultimate 3000 (Dionex, Sunnyvale, CA) interfaced to an LTQ-Orbitrap (Thermo). The samples were desalted and preconcentrated on a C 18 PepMap300 0.3 ϫ 5-mm -precolumn containing 5-m mean particle size silica, with a pore size of 300 Å (Dionex). After loading and washing the peptides for 10 min with mobile phase A (97/3/0.1, water/ACN/formic acid, v/v/v), the trapping column was switched in-line with the analytical column. The separation of the peptides was conducted at a flow rate of 250 nl/min with a column packed in-house (75-m inner diameter ϫ 150 mm) with Magic C18AQ (3-m mean particle size with pores of 200 Å) from Michrom Bioresources, Inc. (Auburn, CA). A linear gradient from 3 to 55% phase B (99.9/0.1, ACN/formic acid, v/v) over a period of 45 min was followed by a steeper ramp from 55 to 80% phase B over 10 min. The column eluent was electrosprayed into the mass spectrometer using a 1.8 kV spray voltage. MS spectra were acquired in the mass range from 80 to 2,000 m/z at a low orifice potential, with fragmentation of the five most intense peaks in the linear ion trap. Collisional activation was performed using helium gas at normalized collision energy 35%. Diagnostic glycan oxonium ions were generated by an in-source CID at the orifice potential set at 100 V. The acquisition of the data was controlled using the Xcalibur software v2.0.7 (Thermo Finnigan).
The acquired RAW data were processed using Turbo RAW2MGF converter v1.0.7 (Indiana University). The processing parameters were as follows: minimum ion count in MS/MS was at 5, absolute total ion intensity threshold was set to 100, smoothing was not applied, the percentage peak height at which centroids were calculated was 100%, and charge states were calculated. Peak lists were subjected to MASCOT (v2.2) searching against the F. tularensis subsp. holarctica (OSU18) protein sequences database (NC_008369.1, 1,555 sequence entries) using the following searching criteria: trypsin was used as the protease, allowing for one missed cleavage, 2ϩ and 3ϩ charge state ions; carbamidomethylation of cysteine residues was set as a fixed modification, and oxidation of methionine was selected as a variable modification. The mass tolerance of the precursor and fragment ions was set to 5 ppm and 0.8 Da, respectively. The obtained data were further filtered through ProteinParser v2.1 (24) . Thus, peptides with a Mowse probability score threshold less than 30; peptides containing internal KK, KR, RK, or RR motifs; and those containing less than six amino acids and/or having a mass lower than 600 Da were rejected. A minimum of two peptide spectrum matches fulfilling the above-mentioned criteria were required for protein identification. To determine glycosylation, the collected data were further analyzed manually using Xcalibur software and compared with in silico digests of the respective proteins generated by PeptideMass (http://expasy.org/tools/peptide-mass.html). (26) . Each PSI-BLAST run involved six iterations and was performed with the following criteria: (i) an expected threshold of 10 Ϫ10 and a PSI-BLAST threshold of 10 Ϫ15 ; (ii) an expected threshold of 1 and a PSI-BLAST threshold of 10 Ϫ3 (less strict thresholds leading to a larger number of hits); and (iii) an expected threshold of 10 and a PSI-BLAST threshold of 1 (supplemental Table 1 ). All of the identified protein sequences from F. tularensis subsp. holarctica FSC200 were extracted and aligned with their respective queries and selected as top hits using MUSCLE (27) . Multiple sequence alignments were inspected in BioEdit (28) . Whenever needed, the domain compositions of the proteins were assigned using the Pfam database (29) . For the target F. tularensis FSC200 strain, the best hit for a given PSI-BLAST run was assigned as follows. All of the proteins or individual domains from the target strain with at least 20% identity to the query protein sequence were selected: (i) if one of these sequences was significantly more similar to the query than others (a difference in sequence identity to query of Ͼ10%), then this sequence was assigned as the best hit; otherwise (ii) if there were more sequences with equal similarity to the query, then all these sequences were assigned as the best hits. The best hits from the individual runs were used as queries for the reciprocal PSI-BLAST searches for the homologues in the genome of the originally queried organism. The reciprocal PSI-BLAST searches were conducted, and their results were analyzed in an identical way to the initial runs of the PSI-BLAST searches. The results of the initial and reciprocal PSI-BLASTs were compared with distinguish any valid positive hits from potentially false positive hits. A hit was assumed to be valid if two proteins, each from a different genome, were each the best hit for the other. A reciprocal PSI-BLAST search could not be performed for hits of the P. aeruginosa queries because the query strain was not known, nor for the N. meningitidis c311#3, C. coli vc167, and A. punctata Sch3 queries, because the genome of these strains has not been sequenced.
Bioinformatic Analysis of the F. tularensis Protein Glycosylation

RESULTS
PglA Is Responsible for Both Pilin and General Protein
Glycosylation in F. tularensis-The bioinformatic analysis revealed a similarity in the middle regions of the F. tularensis protein FTT0905, annotated as a Type IV pilus glycosylation protein (recently designated PglA), and the glycosyltransferase PilO of P. aeruginosa. PilO transfers the synthesized oligosaccharide en bloc from the lipid carrier to the pilin protein and is thus indispensable for pilin O-glycosylation (30) . PglA was recently shown to be directly involved in glycosylation as a protein-targeting oligosaccharyltransferase that was sufficient to glycosylate PilA in a reconstituted system in E. coli (14) . We attempted to ascertain whether the function of PglA is limited exclusively to the glycosylation of pilin or whether it is the unique oligosaccharyltransferase used by F. tularensis for protein glycosylation. Therefore, we searched for additional glycosylated proteins that may undergo PglAmediated glycosylation. The proteomes of the membraneenriched fractions of a wild type FSC200 strain and a pglA mutant strain were compared using two-dimensional electrophoresis over a pH range of 3-10 to reveal any qualitative differences that would indicate glycosylation (i.e. a shift in molecular mass and/or pI). Because of the complexity of the proteome maps, only a few differences were able to be identified conclusively. Two spots of the proteins FTH_0069 (Fig.  1B, right panel) and FTH_1293 (Fig. 1A, right panel, and B, right panel) and a spot of PilA (Fig. 1C, right panel) were identified in the pglA mutant using MS. These proteins were also present in the wild type FSC200 strain, albeit in different regions of the gel. The exclusive position of the DsbA protein (FTH_1071) on the gel showed that this protein is shifted in both its molecular mass and pI in the pglA mutant when compared with the wild type strain of FSC200 (Fig. 1A, left  and right panels) .
Using the carbohydrate-specific Pro-Q Emerald stain, the proteins FTH_0069, FTH_1293, PilA, and DsbA have recently been identified as being glycosylated in the strain FSC200, along with an additional seven potential glycoproteins (13) . To verify the hypothesis that PglA is involved in their glycosylation, we employed carbohydrate-specific staining on the proteins expressed by the pglA mutant strain. In total, three biological replicates were analyzed. As demonstrated in the representative Fig. 2A , neither the pilin protein PilA nor the non-pilin proteins FTH_0069, FTH_1293, and DsbA were detected in the mutant strain when compared with the wild type FSC200 (13) . This suggests the loss or truncation of the carbohydrate, potentially decreasing the signal intensity below the detectable limit for these particular proteins. Additionally, the influence of PglA on glycosylation of DsbA was dem- onstrated using an anti-DsbA antibody. An increase in the relative mobility of the protein in the pglA mutant strain was observed as a consequence of the truncation/loss of glycosylation (Fig. 3A, lane 2) . This simple mobility shift detection clearly confirms that: (i) DsbA is glycosylated in FSC200 and that (ii) PglA is required for the glycosylation of DsbA.
DsbA naturally occurs in several charge and mass variants (31) . To determine whether all these variants are glycosylated in FSC200, we employed an immunodetection of DsbA in FSC200, ⌬pglA, and a mixture of both strains separated in the narrow pH range 3-6 by two-dimensional SDS-PAGE (Fig. 4) . In total, eight DsbA spots were detected in two lanes in the wild type FSC200 strain (Fig. 4A) , whereas in the pglA mutant, a lane with five spots of lower mass was observed (Fig. 4D) , indicating that presumably all eight DsbA isoforms detected in the wild type strain are glycosylated. A definitive confirmation of PglA-mediated DsbA glycosylation was gained by the mass spectrometric analysis of DsbA from both the wild type and ⌬pglA strains (data not shown). In summary, the above-mentioned observations suggest that PglA is indispensable for both pilin and general protein glycosylation in F. tularensis FSC200.
O-antigen Encoding Gene Cluster Is Involved in the Glycosylation of F. tularensis Proteins-We have recently shown that O-antigen complicates the investigation of glycosylation by necessitating a ␤-elimination chemical cleavage rather than the enzymatic release of glycans (13) . A mass spectrometric analysis of a ␤-eliminated FSC200 crude membrane protein-enriched fraction revealed the O-antigen repeating unit of FSC200 strain to be identical with those in F. tularensis subsp. holarctica strain 15 and subsp. tularensis (32, 33) . Hence, we argued that the O-antigen gene cluster in subspecies holarctica is likely to be identical to that of F. tularensis subsp. tularensis. The sequences of the gene cluster encoding the O-antigen in F. tularensis subsp. tularensis and F. novicida have recently been determined by Prior et al. (33) and Thomas et al. (19) , respectively. Thomas et al. (19) further generated wbtDEF mutants in both F. novicida and F. tularensis subsp. tularensis SchuS4, which failed to produce Oantigen. In addition, they recently reported that DsbA glycosylation remained unchanged in the wbtDEF::Cm mutant in SchuS4 using a carbohydrate-specific stain (16) . Removal of O-antigen with a simultaneous preservation of the protein glycosylation would facilitate an analysis of the glycosylation via glycomic profiling. Therefore, based on a 100% identity of the O-antigen encoding gene cluster in SchuS4 and FSC200 strain, we decided to prepare a mutant strain of FSC200 in the 
FIG. 3.
A and B, immunodetection of the proteins DsbA (A) and PilA (B) in FSC200 (wild type), FSC200/⌬pglA, and FSC200/⌬wbtDEF::Cm (lanes 1, 2, and 3, respectively) using their respective polyclonal antibodies. The molecular masses of both proteins originating from the wild type strain are higher in comparison with the masses of proteins isolated from both mutant strains. C, immunodetection of LPS in FSC200, ⌬pglA, and FSC200/⌬wbtDEF::Cm (lanes 1, 2, and 3 , respectively) using mouse monoclonal anti-LPS. LPS is not detected in FSC200/⌬wbtDEF::Cm.
FIG. 4.
Immunoblot detection of DsbA isoforms in FSC200 (wild type), FSC200/⌬wbtDEF::Cm, FSC200/⌬pglA, and their mixtures after two-dimensional SDS-PAGE in a pH range from 3-6. A, eight DsbA spots were detected in two lanes (lanes 1 and 2) in the wild type strain. B, 12 isoforms of DsbA were detected in three lanes (lanes 1-3) in the FSC200/⌬wbtDEF::Cm. C, the mixture of the wild type and FSC200/⌬wbtDEF::Cm gave rise to the 13 DsbA spots in three lanes (lanes 1-3) 1-3) with the 13 DsbA spots were detected in the mixture of wild type and the pglA mutant, indicating that all isoforms in the pglA mutant are not glycosylated.
wbtDEF gene cluster using the same strategy as Thomas et al. (19) .
Similar to the observation of Thomas et al., the glycosylation of DsbA appeared to be retained in FSC200/⌬wbtDEF:: Cm strain using carbohydrate-specific staining (Fig. 2B) , although with a lower intensity than in the wild type strain (13) . Several other spots were also identified as carbohydrate positive in the mutant analogue (Table II and supplemental  Table 5 ). However, further investigation of the effect of wbt-DEF disruption on glycosylation of DsbA using a mobility shift assay revealed bands of lower molecular mass in the O-antigen mutant (Fig. 3A, lane 3 ) when compared with a wild type FSC200 strain (Fig. 3A, lane 1) . Immunodetection of DsbA in FSC200/⌬wbtDEF::Cm and a mixture of FSC200 ϩ FSC200/ ⌬wbtDEF::Cm separated in the narrow pH range 3-6 by twodimensional SDS-PAGE further revealed 12 isoforms of DsbA that were detected in three lanes in the O-antigen mutant (Fig.  4B) , suggesting that two spots in the top lane are fully glycosylated, five spots in the middle lane are partially glycosylated, and five spots in the bottom lane are presumably lacking or truncated in their glycosylation, because the bottom lane was not detected in FSC200 (Fig. 4A) . Notably, nonglycosylated and partially glycosylated DsbA isoforms are more acidic than the fully glycosylated protein variants.
An impairment of the O-antigen production in FSC200/ ⌬wbtDEF::Cm was confirmed using a monoclonal antibody against the O-antigen of F. tularensis LPS (Fig. 3C, lane 3) . To further assess the effect of wbtDEF deletion on the virulence in FSC200, we infected BALB/c mice subcutaneously with the FSC200/⌬wbtDEF::Cm mutant using two doses of 3 ϫ 10 2 and 3 ϫ 10 6 cfu/mouse. Subsequently, we monitored the course of the disease for 3 weeks. We found that the inactivation of the genes encoding the O-antigen cluster in FSC200 resulted in a highly attenuated phenotype in the mice. The mice infected with the highly virulent FSC200 strain at the dose of 3 ϫ 10 2 cfu/mouse succumbed at 5 days postinfection (supplemental Fig. 1 ). This is consistent with data reported by Thomas et al. (19) , in which the inactivation of the wbtDEF gene cluster in SchuS4 resulted in virulence attenuation in vivo. Thus, it appears that, in the strain FSC200, the wbtDEF gene cluster is involved in both the production of the O-antigen repeating unit of LPS and in the synthesis of glycans.
Structural Characterization of the Glycosylation of FTH_ 0069 -The uncharacterized protein FTH_0069 has recently been identified as carbohydrate-positive in FSC200 (13) . For the analysis of its glycosylation, the protein was isolated by mini two-dimensional SDS-PAGE of the membrane proteinenriched fraction by excising the spots stained by Pro-Q Emerald. The two excised protein spots were in-gel-digested with trypsin, and the digest was analyzed by nano-scale HPLC coupled on-line with an LTQ-FT-ICR mass spectrometer using a stepped orifice voltage scan. The instrument was configured to allow the detection of diagnostic glycan oxo- The number of peptides with unique sequences matching the selected protein.
The proteins with accession numbers written in bold type have previously been identified as carbohydrate-positive in the FSC200 strain (13).
F. tularensis Protein Glycosylation
nium ions from the cleavage of glycosidic bonds obtained from an in-source CID and from the product ion spectra of selected glycopeptide precursors. To acquire information on the glycan(s) and particular glycopeptides, eight scan events were defined in the instrument method. In the first scan event, the diagnostic glycan oxonium ions that were generated by an in-source CID at the orifice potential set at 100 V were monitored (i.e. a survey scan). The second scan event was set to fragment an unknown monosaccharide observed at an m/z value of 242.08 that was generated by the in-source CID. The third scan event recorded the entire mass range (spanning the m/z range from 80 to 2,000) to monitor the molecular ions of peptides and glycopeptides (i.e. a full scan) at a low orifice potential. The last five scan events were used to fragment and acquire MS/MS spectra by CID of the five most intense molecular ions from the full scan data (data-dependent analyses). These scan events were repeated over the course of the entire HPLC separation. Manual inspection of the acquired data led to the identification of a single glycan and a determination of two glycan-modified peptides. The glycan oxonium ions for hexose (Hex), N-acetylhexosamine (HexNAc), and the HexHexNAc disaccharide were observed in a survey scan at two retention times (RT), 18.29 and 25.67 min of an extracted ion chromatogram, indicating the presence of at least two glycopeptides (Fig. 5A ). In addition, an unidentified monosaccharide observed at an m/z value of 242 (herein designated with an X) and further di-and trisaccharide fragments containing this unknown sugar were detected in this scan (Fig. 5B ). . In these fragmentation spectra, glycan ions appearing at m/z values of 445, 630, 792, 954, and 1157 were observed. The identification of the glycopeptides was achieved through highly accurate FT-ICR mass measurement of the precursor ions. The masses of the corresponding unmodified peptides were derived from the mass difference between a particular glycopeptide and the glycan after both were deconvoluted (to the neutral molecule, M). Deconvolution of the triply charged glycopeptide species observed at an m/z value of 982.7824 and subtraction of the glycan (M ϭ 1156.4024) resulted in a neutral peptide mass of 1788.9217, which differs from the theoretical mass of the peptide 288 KPINQESSGSTIQTATK 304 (M ϭ 1788.9212) by only 0.29 ppm. A precursor ion appearing at an m/z value of 1473.6707 was a doubly charged species of this glycopeptide. Likewise, the doubly charged ion with a mass of 1311.5916, after deconvolution and substraction of the glycan (M ϭ 1156.4024) yields a neutral mass of 1464.7677, which is 0.75 ppm more than 1464.7666 and corresponds to the theoretical mass of the peptide 273 ETTLASGSSISTIAK 287 . The identity of the peptide was further unambiguously confirmed by the presence of peptide fragment ions in deconvoluted spectra (data not shown). Full MS scans, from which the two glycopeptides were selected for fragmentation, are shown in Fig. 5 (D and F) for the glycopeptide with m/z values of 982.7824 and 1311.5916, respectively. The interpreted ITMS spectra following the in-source CID of both identified glycopeptides with m/z values of 982.7824 and 1311.5916 are depicted in Fig. 5 (E and G) , respectively. Additionally, glycopeptide fragments of various glycan lengths were observed in the MS/MS spectra of both glycopeptides, which allowed the monosaccharide sequence of the glycan to be determined as the difference between the two adjacent glycopeptide fragment peaks. Additionally, the loss of 98 Da was observed, suggesting the presence of either a phosphate or a sulfate group. Based on the slight difference in their mass (9.5 milli mass units), phosphorylated and sulfated compounds can be distinguished using a high resolution MS, such as FT-ICR. Thus, in-source CID fragmentation of the ion 242.07882 m/z followed by highly accurate mass analysis in the ion cyclotron generated the fragment with an m/z value of 144.10194 that most plausibly corresponds to the neutral loss of phosphoric acid (97.97688 Da), with a relative mass difference of 0.2 ppm. The glycan sequence was thus determined as follows: X-PHexNAc-HexNAc-Hex-Hex-HexNAc where X denotes an unknown carbohydrate of a mass 144.1020 m/z (Fig. 5C ). Using Xcalibur, we generated elemental composition of the mass 144.10203 m/z [MϩH] ϩ . Within 1 ppm mass tolerance, the only and thus most plausible chemical formula was determined as C 7 ϩ , which was observed in the FT-MS spectra (Fig. 5B) , was determined as having the formula C 7 H 16 O 3 N (162.11247 m/z), with a relative mass difference of 0.371 ppm, which corresponds to the loss of HPO 3 (79.9663) from C 7 H 17 O 6 NP. Further confirmation of the presence of the phosphate group using other techniques would be useful because it is known that phosphorylation and sulfation are associated with significantly different biological functions.
The remaining glycopeptide with an m/z value 998.79 [M ϩ 3H] 3ϩ and its corresponding doubly charged ion (possessing an m/z value of 1497.68) has the sequence 270 EDKET-TLASGSSISTIAK 287 and contains one missed cleavage. The peptide eluted at 26.25 min of the chromatographic separation. Similarly, the glycopeptide of the sequence 265 AD-EQREDKETTLASGSSISTIAK 287 , which was observed at m/z values of 899. 16 [Mϩ4H] 4ϩ and 1198.54 [M ϩ 3H] 3ϩ , contains two missed cleavages and eluted at 25.67 min of the LC run. These two sequences that contain missed cleavages include the above described glycosylated peptide, 273 ETTLASGSSISTIAK 287 . Overall, 27 peptide sequences of FTH_0069 have been identified within 5 ppm peptide mass tolerance, providing the protein sequence coverage of 43%. In addition to FTH_0069, four other proteins were identified. Further filtering the data (according to criteria described under "Experimental Procedures") reduced the number of identified FTH_0069 peptides to 17, and the total number of identified proteins in the spot was reduced to four (supplemental Table 3 ). Nonetheless, to confirm the origin of the identified glycopeptides, the glycan residue mass of 1156.4047 Da was added to the MASCOT search engine as a variable modification (denoted as P-glycan1156 (ST)), and a peptide mass fingerprint search was performed against the F. tularensis OSU18 database (1,555 sequences). The MS data, which were required as an input for PMF search, were extracted from the original mgf file and converted to the [MϩH] ϩ ion species using a home-made Perl script. This led to the unambiguous assignment of the glycan modification to the peptides derived exclusively from the protein FTH_0069 (supplemental Table 4 304 have been identified as each bearing a single glycan, which is consistent with the manual interpretation of the MS/MS data. Additionally, sequence coverage of the protein was increased to 52%. Moreover, the protein FTH_0069 has been identified as the most top-ranked protein when searching against NCBInr database (data not shown).
DISCUSSION
The first indication that a protein may be glycosylated is a discrepancy between its theoretical and experimentally determined molecular masses. This was shown in the first case for a possible post-translational modification in F. tularensis, where it was observed for a pilin subunit protein PilA, whose real molecular mass was around 4 kDa larger than expected from the size of the pilA gene (11) . Similarly, in our investigation, the protein FTH_0069 showed an apparent molecular mass of around 50 kDa on the SDS-PAGE gel, which is significantly higher than the mass deduced from its amino acid sequence (37.5 kDa). Bioinformatic analysis assigned FTH_0069 as a lipoprotein (LipoP 1.0). This prediction was recently experimentally supported using a Triton X-114 phase partitioning (data not shown). Despite this, an increase in molecular mass could not be caused by palmitoylation alone, because the protein mass would be increased by only 570 or 810 Da in the case of modification by dipalmitoylglyceryl and tripalmitoylglyceryl, respectively. This indicates that, presumably, glycosylation must have contributed to the higher observed mass of the protein.
We previously discovered several candidate proteins as targets for glycosylation in F. tularensis, including the proteins DsbA, PilA, and FTH_0069 (13) . The glycosylation status of DsbA has recently been described in F. tularensis strains SchuS4 and LVS and F. novicida (16) , and therefore details of the glycosylation of the DsbA homologue in FSC200 strain (FTH_1071) are not included in the present study. However, confirmation of the glycosylation status of FTH_1071 by mass spectrometry was a prerequisite for further investigation of the changes of glycosylation in our prepared FSC200-derived mutant strains by the use of available anti-DsbA antibodies.
(The mass spectrometric data are available upon request.) Recently, the glycan of the pilin protein PilA has also been determined in the strain FSC200 (14) . Our intent here was to elucidate the glycosylation of the FTH_0069 protein in more detail. Using an LC-MS/MS approach, the glycan structure modifying two C-terminal peptides of FTH_0069 was characterized. The glycan with an m/z value of 1157 was determined to be a hexasaccharide consisting of two hexoses, three N-acetylhexosamine residues, and an unknown, phosphate group containing monosaccharide residue of chemical formula C 7 H 17 O 6 NP. The monosaccharide sequence of the glycan from FTH_0069 appears to be X-P-HexNAc-HexNAcHex-Hex-HexNAc. Interestingly, the glycan structure originating from the DsbA homologues in the F. tularensis strains LVS, FSC200, and SchuS4 was identical. Additionally, the same glycan structure was also recently identified as one of the multiple glycans modifying PilA (14) . PilA glycans are composed of a common pentasaccharide, HexNAc-HexNAcHex-Hex-HexNAc, which is further extended with the unusual phosphate-linked moieties (14) . Glycosylation sites were not revealed in FTH_0069; however, the amino acid sequences of both of the identified glycopeptides contain neither eukaryotic To have a sufficient amount of the protein for LC-MS analysis, it was necessary to pool the two pI isoforms of this low abundant protein into a single sample. Therefore, it is not clear whether (i) each identified glycopeptide originates from one of these two isoforms, (ii) both glycopeptides originate from both isoforms, or (iii) one of the two glycopeptides originates from one isoform and, at the same time, both glycopeptides originate from the second isoform. The first and second options would result in the same molecular mass of both protein isoforms, because the glycan associated with these isoforms has an identical mass. The third option would mean that the difference between the two isoforms is equal to the mass of the glycan. Considering the fact that both analyzed isoforms differ in their pI values and not in their molecular masses, one would argue that option (i) is correct. However, option (ii) cannot be entirely excluded because of the possibility of the existence of isobaric glycopeptides having a different monosaccharide sequence of the glycan (16) . Indeed, the presence of the glycan oxonium ions observed at m/z values of 427, 648, and 731 in the tandem MS fragmentation spectra of the FTH_0069 glycopeptides is indicative of isobaric structures. In our study, more than two isoforms of the protein FTH_0069 were detected as being glycosylated using the Pro-Q Emerald stain, but they could not be excised from the gel before the fluorescence disappeared. Thus, a further characterization of each isoform of this protein is desirable.
It is particularly interesting that DsbA and FTH_0069 are both acylated and glycosylated. Such a dual post-translational modification has been observed in several proteins of various bacteria (34 -36) . Although it is the acyl moiety of lipoproteins that is recognized by Toll-like receptors TLR2 and is thus able to activate an innate immune response via TLR2-mediated signaling, the role of the glycan moiety of the glycosylated lipoproteins is unclear. The glycan moiety of mycobacterial lipoglycoprotein LprG seems to be directly involved in the stimulation of the innate immune responses via activation of MHC class II-restricted T cells (37) . Moreover, glycosylation in conjunction with acylation appears indispensable for retaining the 19-kDa mycobacterial lipoglycoprotein within the cell (38) . Thus, the function of the glycan(s) in the particular F. tularensis lipoproteins remains a subject of investigation.
Whereas TLR2 recognizes lipoproteins, TLR4 generally interacts with lipopolysaccharides of Gram-negative bacteria. TLR4 specifically recognizes a biologically active lipid A of the LPS, which is biphosphorylated and hexa-acylated. F. tularensis LPS, however, is not recognized by TLR4, because of its structural diversities. The general role of bacterial O-antigen, on the other hand, is to provide resistance to complementmediated killing by serum (39) . Thomas et al. (19) recently generated a knock-out mutant in the gene cluster wbtDEF in both F. novicida and F. tularensis subsp. tularensis SchuS4, which failed to produce O-antigen. SchuS4-derived mutant with abrogated production of O-antigen was completely attenuated in mice (19) . Further studies showed that the disruption of the wbtDEF in SchuS4 did not affect the glycosylation of DsbA (16) . We employed the same procedure to create a FSC200 strain with abrogated production of O-antigen. Similarly, we observed a completely attenuated phenotype of the FSC200/⌬wbtDEF::Cm mutant in a mouse model following infection. Our results, however, suggest that DsbA glycosylation was affected, although not completely lost in the FSC200/⌬wbtDEF::Cm variant. Similarly, we observed that glycosylation of PilA was affected in a similar manner in the mutant using immunoblotting (data not shown). The influence of the wbtDEF disruption on the glycosylation of FTH_0069 could not be tested because a specific anti-FTH_0069 antibody was not available. However, FTH_0069 was not detected using the carbohydrate-specific stain, which may suggest that its glycosylation was affected in the mutant strain. It is likely that the glycosylation was below the detection limit of the stain because of the splitting of this low abundance protein into several differentially glycosylated isoforms.
Studies of other bacteria have shown that the initial steps of O-antigen biosynthesis and glycan biosynthesis may involve the same genes (40, 41) . It is thus possible that glycan and O-antigen biosynthesis are cross-linked at this point in the FSC200 strain, which might explain the affected glycosylation of the proteins in the FSC200/⌬wbtDEF::Cm strain. Nevertheless, glycosylated DsbA and PilA isoforms in FSC200 are still formed in the mutant, indicating the presence of an additional gene that would function as WbtD, WbtE, and/or WbtF in this strain.
A bioinformatic analysis of the genes/proteins likely to be involved in the glycosylation pathway of the FSC200 strain revealed that the protein WbtD (ZP_02274475) encoded by wbtD was predicted as a potential homologue of PglA of both N. meningitidis strain mc58 and C. jejuni strain 81-176 and both WlaC and WlaE of C. jejuni strain 81116 (supplemental Table 2 ). WbtD is required for the assembly of the O-antigen through the transfer of a GalNAcAN subunit to QuiNAc-Und-PP (33) , which in particular resembles the function of the homologous PglA, WlaC, and WlaE proteins. These glycosyltransferases mediate the assembly of the respective glycans on a lipid carrier by transferring the second monosaccharide unit to the DATDH-Und-PP (42, 43) . Two other genes of the O-antigen cluster: wbtE (encoding WbtE protein (ZP_02274474)) and wbtF (encoding WbtF (ZP_02274473)), possess only a slight similarity to the glycosyltransferases of the compared bacteria (supplemental Table 2 ). These data suggest that wbtD itself is responsible for affected glycosylation. Both the glycosylation of F. tularensis proteins (PilA, DsbA, FTH_0069, and possibly others) in the ⌬wbtDEF::Cm mutant and the exact function of wbtDEF genes in the synthesis of glycans remain to be comprehensively defined.
It was demonstrated that the FTT0791 or FTT0798 mutants, defective in DsbA glycosylation in SchuS4 but not in the pro-duction of O-antigen, were not attenuated in the murine model of tularemia upon a subcutaneous route of infection (16) . These observations are consistent with our bioinformatic data, in which the proteins FTT0791 and FTT0798 are potential homologues of the bacterial glycosyltransferases but are not similar to any known proteins in F. tularensis subsp. tularensis and F. novicida that would participate in the synthesis/production of O-antigen. Thus, it appears that the attenuated phenotype of ⌬wbtDEF::Cm is solely the result of the loss of O-antigen and not the altered glycosylation in the mutant. Nevertheless, this needs to be verified in the strain FSC200 because it has been demonstrated that O-antigen from F. tularensis subsp. tularensis plays a relatively minor role (as compared with F. novicida) in the protection from serum killing, which presumably requires other surface structures. O-antigen is rather important for intracellular survival and replication in the subspecies tularensis (19) .
Both flagellin and the general glycosylation pathway were found in C. jejuni. The flagellin and general glycosylation genes are located in distinct gene loci and give rise to distinct glycan structures. Thus, the product of a general glycosylation pathway is a heptasaccharide (44) , whereas a flagellinlinked glycan is a pseudaminic acid or its derivatives (45) . The same holds for the flagellin and pilin glycosylation in P. aeruginosa (30, 46) . Therefore, the fact that F. tularensis pilin and non-pilin glycans possess the same pentasaccharide core may explain why the disruption of the wbtDEF impairs glycosylation in both PilA pilin protein and DsbA non-pilin protein, and, furthermore, why PglA acts as both a pilin and a general oligosaccharyltransferase. It appears that the role of WbtDEF in the protein glycosylation is to provide some of the monosaccharides for the synthesis of the glycan structures that are then translocated by PglA. The complete description of the function of each enzyme involved in the glycosylation pathway could eventually provide clarification of the possible role of protein glycosylation in the F. tularensis pathogenesis.
